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ALVEOLAR MACROPHAGES (AM) are the most abundant antigenpresenting cells in the airways and alveolar spaces, where they play a critical role in regulating immune responses and inflammation within the lung (15, 21, 27, 30, 34, 35, 42) . AM perform a number of important functions, including phagocytosis of particulate matter, secretion of cytokines and enzymes, and control of microbes. They are the first cells to contact many inhaled antigens, including infectious agents, allergens, and small particulate debris, and, therefore, play a key role in initiating and perpetuating local pulmonary immune responses. Most studies indicate that AM are ineffective at initiating immune responses relative to other antigen-presenting cells in the lung and that reduced antigen presentation abilities may serve to limit deleterious inflammatory responses within the lungs (43) . For example, previous studies have shown that AM are relatively ineffective at stimulating naïve T cell responses (29, 31, 46) . However, other studies have shown that AM can stimulate responses by previously activated effector T cells (48) .
Under steady-state conditions, the AM population in the lungs turns over very slowly, with a reported estimated halflife of 30 -60 days (4, 8) to a turnover rate of 40% in 1 yr in naïve mice (32) . AM can be derived primarily from blood monocytes, although a significant percentage of AM are probably also generated from a self-renewing population of progenitor cells within the lung parenchyma (3, 5, 40, 44) . The growth and survival of AM within the lungs depend, in part, on locally produced cytokines such as macrophage colony-stimulating factor (CSF), and the respiratory epithelium is also a rich source of granulocyte/macrophage CSF (GM-CSF) (11, 23, 47) .
AM also exhibit unique properties, including unusual phenotypic features, compared with other tissue macrophages (2, 28, 43, 50) . For example, previous studies have found that AM express high levels of CD11c, a molecule that is not expressed by other macrophages and is generally only expressed by dendritic cells (DC) and some natural killer cells and activated T cell subsets (20, 22, 33, 51) . Moreover, AM have been found to express high levels of DEC-205, which also is not expressed by other macrophages and is generally only expressed by certain subpopulations of DC (2, 6, 7) . We reported recently that AM recovered from the lungs of normal mice by bronchoalveolar lavage (BAL) had an unusual phenotype compared with typical tissue macrophages (6) . Others have also noted this unique phenotype of AM in mice (19, 52) . DC are classically characterized by CD11c expression, high major histocompatability complex (MHC) class II expression, and variable expression of costimulatory markers such as CD40, CD80, and CD86. Macrophages have been historically classified as expressing CD11b and MHC class II. Interestingly, AM have been noted previously as negative for CD11b (unless activated), although CD11b expression is uniformly high on all other macrophage populations that have been studied.
The unique features of AM could reflect the unusual environment in which they are found. For example, AM are exposed to high oxygen tension and are also bathed in high concentrations of GM-CSF and surfactant proteins, especially surfactant protein (SP)-A and SP-D, both of which have immunomodulatory properties (9, 10, 13, 53) . We therefore wondered to what degree the unique phenotype of AM was determined by local factors in the lung environment and whether macrophages from sites besides the lungs could be induced to assume an AM-like phenotype when placed in the lung environment. This question is important, because if local factors were found to alter macrophage phenotype, then perhaps the AM phenotype is not predetermined but is, instead, a product of the environment in which the macrophages are found.
To address this question, we first more fully compared and contrasted the phenotype and function of AM with the phenotype and function of another relatively pure macrophage population, peritoneal lavage-derived macrophages (PLM). Next, we conducted a series of adoptive transfer experiments to assess the effects of the lung environment on the phenotype of other (nonlung) macrophages and to determine the degree to which the transferred cells could be induced to assume an AM-like phenotype. For these studies, we focused primarily on changes in CD11c expression, since expression of this molecule exhibited the most consistent differences between AM and other macrophage populations. In addition, we investigated the role that key soluble factors in the lung microenvironment could play in regulating the AM phenotype. The results of these studies indicated that the lung environment was a strong stimulus for induction of the AM phenotype in macrophages from nonpulmonary sources and that GM-CSF appeared to be the most critical factor responsible for induction of the AM phenotype.
MATERIALS AND METHODS
Mice. Specific-pathogen-free, 6-to 8-wk-old, female C57BL/6, ICR, and BALB/c mice were purchased from Jackson Laboratories (Bar Harbor, ME) or Harlan Laboratories (Indianapolis, IN). C57BL/6 mice transgenic for expression of the green fluorescent protein (GFP) gene under control of the ubiquitin promoter (UBI-GFP/BL6 mice) were kindly provided by Dr. Phillipa Marrack (National Jewish Medical Center) (38) . Mice were housed in sterile microisolater cages in the laboratory animal resources facility at Colorado State University, with sterile water and food provided ad libitum. All research involving animals was conducted in accordance with guidelines and animal protocols approved by the Animal Care and Use Committee at Colorado State University.
Collection of BAL cells. BAL cells were obtained by BAL, as previously described (6) . Cells from the three lavages for each mouse were pooled, centrifuged at 1,200 rpm for 5 min at 4°C, counted, and then resuspended in complete medium [cMEM: MEM supplemented with 10% heat-inactivated FBS, 2 mmol/l L-glutamine, 1% nonessential amino acids, 50 IU/ml penicillin, and 50 mg/ml streptomycin (all from Life Technologies, Carlsbad, CA) and 7.5% bicarbonate] or fluorescein-activated cell sorter (FACS) buffer (PBS with 2% FBS and 0.05% sodium azide) before analysis.
Collection of peritoneal lavage cells. PLM were collected from the peritoneal cavity of naïve mice by peritoneal lavage. Briefly, ϳ8 -10 ml of ice-cold HBSS were injected into the peritoneal cavity. The abdominal cavity was massaged to dislodge loosely adherent peritoneal cells, and the injected fluid was slowly withdrawn using a syringe and a no. 22 needle. The procedure was repeated twice for each mouse, and the cells obtained from each mouse were pooled, quantitated, centrifuged, and resuspended in cMEM or FACS buffer before analysis.
Flow cytometry and analysis of AM and PLM. Cell populations in the BAL and peritoneal lavage fluid were assessed by immunostaining and flow cytometry. Directly conjugated antibodies used for these analyses were purchased from Cedarlane Laboratories (Westbury, NY), Serotec (Raleigh, NC), Pharmingen (San Diego, CA), and eBiosciences (San Diego, CA). The following antibodies in various combinations were used for flow cytometric analysis: anti-CD11c [allophycocyanin (APC) or phycoerythrin (PE); clone N418], antiCD11b (PE-Cy5, APC-Cy7, or Pacific Blue; clone M1/70), anti-GR-1 (pEY7; clone RB6-8C5), anti-Ly6G (FITC; clone 1A8), anti-B220 (APC-Cy7; clone RA3-6B2), anti-CD8 (FITC or PE; clone 53-6.7), anti-CD4 (APC; clone RM4-5), anti-CD3 (APC-Cy7; clone 145-2C11), anti-I-A/I-E (MHC class II, biotin, or PE; clone M5/114.15.2), anti-CD86 (PE; clone GL1), anti-DEC-205 (biotin; clone NLDC-145), and anti-CD40 (pEY5; clone 1C-10). Preparation and staining of cells for flow cytometry have been previously described (6) . Flow cytometry was carried out on a Cyan MLE or Cyan ADP flow cytometer (DakoCytomation/Beckman Coulter, Fort Collins, CO). Approximately 25,000 events (BAL samples) and 100,000 events (peritoneal lavage samples) were analyzed for each sample. Isotype control antibodies were included initially to ensure specificity of staining. Data were analyzed using Summit software (DakoCytomation). The percentage of each cell population was determined, then total cell numbers for each population were calculated from the total number of viable cells collected. Experimental and control groups consisted of three to four animals each.
Assessment of macropinocytosis by labeled dextran uptake. Cells from BAL and peritoneal lavage were collected as described above and placed in culture. After 1-2 h in culture, the nonadherent cells were removed, and the remaining cells were incubated with 100 g/ml Alexa 488-conjugated dextran (Invitrogen, Carlsbad, CA) for 1 h at 37°C. Then the labeled dextran was washed off, and the cells were detached by vigorous pipetting in PBS. The detached cells were immunostained in FACS buffer for determination of dextran uptake and phenotype. In some experiments, cells were pretreated overnight with 10 g/ml Salmonella minnesota R595 LPS (InVivogen, San Diego, CA) and then incubated with labeled dextran and analyzed by flow cytometry.
Assessment of cross-priming by AM and PLM. AM and PLM were collected from C57BL/6 mice as described above. Cells (1 ϫ 10 5 per well) were cultured for 24 or 48 h in cMEM in triplicate wells of 24-well plates to reduce the immunosuppression that occurs when AM are used in these assays immediately ex vivo. The cells were then incubated for 2 h with 100, 1, or 0.1 g/ml filtered ovalbumin (Sigma-Aldrich, St. Louis, MO). After the cells were washed, B3.17 CD8 ϩ T cell hybridoma cells (5 ϫ 10 5 per well) specific for H-2K b / SIINFEKL (a kind gift of Nibla Shastri, University of California, Berkley) were added to the AM or PLM, and the combined cells were cultured overnight. Negative controls included AM and PLM with or without B3.17 cells. For positive controls, AM or PLM were pulsed with 1 M SIINFEKL peptide and then B3.17 cells were added. After overnight culture with B3.17 cells, supernatants were harvested and assayed for IL-2 concentration by mouse IL-2 ELISA according to the manufacturer's directions (eBiosciences). The mean IL-2 concentration was determined for triplicate wells and plotted.
Assessment of mixed lymphocyte reaction. AM and PLM were harvested from ICR mice as described above and placed in triplicate wells of 96-well plates at the indicated cell concentrations in complete medium without cytokines and cultured for 1, 24, or 48 h before addition of responder T cells to assess the effects of different duration of preincubation on presentation capabilities. At the indicated time points, allogeneic T cells were prepared from the spleens of C57BL/6 mice and added to 96-well plates in cMEM at 5 ϫ 10 5 per well. In some experiments, AM or PLM were activated before addition of spleen cells by incubation overnight in 10 g/ml LPS. Proliferation was assessed after 72 h in culture by overnight incubation with 0. were harvested using an automated cell harvester (Wallac-Microbeta, Wellesley, MA), and thymidine incorporation was assessed using an automated beta counter (Wallac-Microbeta).
Adoptive transfer of labeled bone marrow or peritoneal lavage cells. Bone marrow cells were obtained from GFP transgenic mice as described previously (6) . PLM were obtained from GFP ϩ donor mice as described above. The cells were adjusted to a final concentration of 1-2 ϫ 10 8 /ml in HBSS and stored on ice before adoptive transfer. For intratracheal transfer of cells, mice were anesthetized by intraperitoneal injection of 200 l of a 2.5% solution of Avertin (Sigma, St. Louis, MO). After the mice were anesthetized, a steel gavage tube was passed by palpation through the larynx and into the trachea, and 50 l of the cell suspension were injected intratracheally into each anesthetized mouse as described previously (7). For adoptive transfer into the peritoneal cavity, bone marrow cells (typically 2 ϫ 10 7 total cells) were injected intraperitoneally.
Effects of SP-A or SP-D on CD11c expression by bone marrow cells.
Bone marrow cells were collected from femurs of healthy C57BL/6 mice as described above. Cells were plated at a density of 2 ϫ 10 6 /ml in 24-well plates (Costar, Corning, NY) in cMEM. Nonadherent cells were removed as described above. Purified human SP-A and recombinant SP-D (49) were added at the indicated concentrations in medium containing 1.8 mM calcium (cMEM) to triplicate wells of adherent bone marrow cells. Other wells were incubated with 1 g/ml LPS or recombinant GM-CSF (PeproTech, Rocky Hill, NJ). After 5 days in culture, cells were detached, via incubation with 5 mM EDTA in PBS at 4°C for 10 min followed by vigorous pipetting. Cells were then immunostained and analyzed by flow cytometry.
SP-D Ϫ/Ϫ and GM-CSF
and GM-CSF Ϫ/Ϫ mice were obtained from Jackson Laboratories and housed as described above. Airway and peritoneal lavage cells were recovered and stained for flow cytometry as described above. For short-term transfer experiments involving GM-CSF Ϫ/Ϫ bone marrow cells, 5-(and 6)-carboxyfluorescein diacetate succinimidyl ester (CFSE; Molecular Probes, Eugene, OR) was used to label transferred cells. Briefly, bone marrow and peritoneal lavage cells were labeled by incubation in 10 M CFSE solution for 15 min at room temperature, washed twice, and resuspended in PBS, and cell viability was assessed using trypan blue exclusion. After the CFSE-labeling procedure, cell viability was routinely Ͼ90% (data not shown). The labeled cells were washed in PBS immediately before adoptive transfer.
Statistical analyses. Statistical differences between two treatment groups were determined using Student's t-test, whereas differences between three or more treatment groups were determined using ANOVA followed by Tukey's multiple-means comparison test. Statistical analyses were done using GraphPad Prism software (San Diego, CA). P Ͻ 0.05 was considered statistically significant.
RESULTS

Unique phenotype of AM resembles that of immature DC.
To compare the phenotype of AM and PLM, we assessed the expression of two markers commonly expressed on other populations of DC (CD11c and DEC-205) and two markers expressed on other macrophage populations in the body (CD11b and F4/80). Other cell surface determinants, including Ly6-G, B220, CD4, CD8, MHC class II, and CD86, were assessed. The population of large cells with high-forwardscatter and side-scatter characteristics were studied, inasmuch as these cells were considered to represent AM and PLM (18, 52) . AM were obtained from normal BALB/c, as well as ICR, C57BL/6, and 129 Sv/Ev mice. In our studies, AM from these different strains of mice had a similar phenotype (data not shown), with virtually all cells coexpressing high levels of CD11c and DEC-205 (Fig. 1, Table 1 ). In addition, a small percentage (typically Ͻ5%) of cells were positive for CD11b and CD11c and expressed only very low levels of F4/80, which we interpreted as representing true airway myeloid DC. The identity of this subpopulation of cells as DC was also confirmed by cell sorting and cytology experiments (data not shown). In contrast, PLM were uniformly negative for expression of CD11c and DEC-205, whereas they expressed high levels of CD11b, and most also expressed high levels of F4/80 (Fig. 1, Table 1 ). Granulocytes (Ly6-G ϩ /CD11b ϩ ) were rarely observed in BAL samples, whereas they were more numerous in peritoneal lavage samples. Most of the CD11c ϩ /CD11b Ϫ AM did not express CD86, whereas CD86 ϩ cells were more numerous among PLM (Table 1) . Similar findings regarding the phenotype of AM have been reported previously (22) . Taken together, these results further suggest that the phenotype of AM was consistent with that of immature DC, whereas the phenotype of PLM was consistent with that of previous reports of typical macrophages.
AM exhibit high levels of spontaneous macropinocytosis. Next, we compared the functional properties of AM and PLM. Immature DC typically exhibit high levels of spontaneous macropinocytosis, a property that is not exhibited by mature tissue macrophages (37) . We incubated freshly isolated AM and PLM in vitro with labeled dextran and assessed macropinocytosis by flow cytometry. Labeled dextran was readily engulfed by freshly isolated AM, whereas dextran uptake was significantly reduced in freshly isolated PLM ( Fig. 2A) . For example, Ͼ90% of AM were positive for uptake of labeled dextran, whereas only 10 -15% of PLM exhibited dextran uptake. Activation and maturation of DC by inflammatory stimuli such as LPS are known to induce a rapid reduction in macropinocytosis (37) . Therefore, AM and PLM were activated by LPS for 24 h in vitro, and labeled dextran uptake was assessed. After exposure to LPS, macropinocytosis in AM was rapidly downmodulated: it decreased from 90% dextran-positive cells before LPS treatment to 30% dextran-positive cells after LPS treatment (Fig. 2B) . In contrast, the already low level of dextran uptake by PLM was relatively unaffected by exposure to LPS (Fig. 2B) . These results illustrate an important functional difference between AM and PLM.
AM present antigens more efficiently than PLM. Antigenpresenting functions were assessed to compare the relative effectiveness of AM and PLM in stimulating T cell responses. The ability to process and present soluble antigens via an MHC class I-restricted pathway to CD8 ϩ T cells (cross-priming) is a unique property of DC. Therefore, we assessed the ability of AM and PLM to cross-prime CD8 ϩ T cell responses. For this assay, an ovalbumin peptide-specific CD8
ϩ T cell hybridoma cell line (B3.17) was used to detect surface expression of the dominant processed SIINFEKL epitope presented by the H-2K b molecule. We found that, after 48 h in culture, AM were able to efficiently cross-prime CD8 ϩ T cell responses to soluble ovalbumin protein (Fig. 3A) . In contrast, PLM cultured 
Dendritic cells (DC) and peritoneal macrophages freshly isolated from airways and peritoneum, respectively, of uninfected mice were analyzed by flow cytometry. ϩ, ϩϩ, and ϩϩϩ, Number and intensity of staining; Ϫ, marker observed in Ͻ2% of cells; Ϯ, marker observed in 2-5% of cells. under the same conditions much less efficiently cross-primed CD8 ϩ T cell responses. Next, the ability of AM and PLM to stimulate a mixed lymphocyte reaction (MLR) was assessed. AM and PLM were collected from ICR mice, cultured for 24 h in vitro, and then incubated for 72 h with allogeneic spleen cells (depleted of adherent antigen-presenting cells) obtained from C57BL/6 mice. When freshly isolated AM were utilized, only very weak stimulation of MLR responses was observed (data not shown). However, when AM were cultured for 48 h before addition of responder cells, significant stimulation of MLR responses by AM was observed (Fig. 3B) . In contrast, PLM cultured under the identical conditions were poorer stimulators of MLR responses (Fig. 3B) . The degree of T cell stimulation in the MLR assay using AM as stimulators was comparable to that in the MLR assay using cultured bone marrow-derived DC as stimulators (data not shown) and was also similar to that in the MLR assay reported by others using blood monocyte-derived DC as stimulators (37) . Moreover, the T cell stimulation elicited by AM could be significantly increased if the AM were activated overnight with 10 g/ml LPS before addition of spleen cells (data not shown). Therefore, AM were much more effective stimulators of MLR responses than PLM. Freshly isolated AM were, however, not able to cross-prime T cell responses or to stimulate MLR responses but acquired these properties after Ն24 h in culture. The recovery of functional properties by AM after in vitro culture has been noted previously (52) . However, in a previous study (52) , recovery of function by AM in vitro generally required the addition of exogenous GM-CSF.
Influence of the lung environment on differentiation of bone marrow cells. The preceding experiments suggested that the lung and peritoneal environments might differ in their influence on the development of newly emigrated macrophages. Therefore, we carried out adoptive transfer experiments using bone marrow cells and PLM obtained from GFP ϩ syngeneic mice (38) . Changes in expression of CD11c and CD11b were used to assess and compare the effects of the lung and peritoneal microenvironments, since these two surface determinants gave the clearest phenotypic distinction between normal AM and PLM.
In the first cell transfer experiment, 1 ϫ 10 7 GFP ϩ bone marrow cells were transferred to the airways of wild-type recipient mice. After 7 or 14 days, the transferred cells were recovered by lavage, and their phenotype was determined by flow cytometry. We found that the percentage of GFP ϩ cells expressing CD11c was increased significantly after adoptive transfer compared with the percentage of CD11c ϩ cells in the initially transferred bone marrow cell population (Fig. 4A) . For example, the mean percentage of GFP ϩ /CD11c ϩ recovered from the airway increased significantly (P Ͻ 0.05) from an average of 1.9% GFP ϩ /CD11c ϩ cells before transfer to a mean of 19% GFP ϩ /CD11c ϩ cells 7 days after transfer (Fig. 4B) . At the same time, the percentage of CD11b ϩ cells in bone marrow was 25% at the time of transfer and was relatively unchanged in recovered GFP ϩ cells 7 days after transfer into the airways. The percentage of GFP ϩ /CD11c ϩ in the airways 14 days after transfer increased significantly to an average of 20% (data not shown). These data indicated that exposure to the airway environment selectively upregulated CD11c expression by the transferred bone marrow cells but had a minimal effect on CD11b expression.
Influence of the peritoneal environment on differentiation of bone marrow cells. Similar adoptive transfer experiments were done to determine whether the peritoneal environment had similar effects on CD11c and CD11b expression by adoptively transferred GFP ϩ bone marrow cells. Bone marrow cells (1 ϫ 10 7 per mouse) were transferred into the peritoneal cavity and then recovered after 7 or 14 days by peritoneal lavage. In contrast to transfer into the airways, transfer of bone marrow cells into the peritoneal cavity did not produce significant upregulation of CD11c expression (Fig. 4A) . For example, the mean percentage of CD11c ϩ /GFP ϩ cells in bone marrow was 1.9% before transfer and 1.7% after 7 days in the peritoneal cavity (Fig. 4B) . In contrast, the percentage of CD11b ϩ cells was significantly increased (P Ͻ 0.01) after transfer into the peritoneal cavity: CD11b ϩ cells increased from 25% before transfer to an average of 65% 7 days after transfer. Thus the environment of the peritoneal cavity promoted the upregulation of CD11b, rather than CD11c, expression on transferred bone marrow cells.
Influence of the lung environment on CD11c expression by transferred PLM. Next, experiments were conducted to determine whether the lung environment could promote the upregulation of CD11c expression by PLM, which normally expressed very low levels of CD11c. PLM were harvested from GFP transgenic mice by peritioneal lavage, and 5 ϫ 10 6 GFP ϩ cells were injected into the airways of each recipient mouse. Airway lavage samples were collected 7 and 14 days later, and the phenotype of the GFP ϩ cells was analyzed by flow cytometry. We observed a significant (P Ͻ 0.01) increase in the percentage of CD11c ϩ /GFP ϩ cells recovered from the lungs after 7 days in the airways compared with CD11c expression by the PLM cells freshly collected from the peritoneal cavity (Fig. 5A) . For example, the percentage of CD11c ϩ PLM cells was typically Յ2% after the initial harvest from the peritoneum but increased to an average of 24% 1 wk after transfer into the airways (P Ͻ 0.01; Fig. 5B ). The percentage of CD11b ϩ /GFP ϩ cells also significantly increased (P Ͻ 0.01) after transfer into the airways: CD11b ϩ cells increased from 45% before transfer to 70% after transfer. These results indicate that even relatively well-differentiated macrophages, such as PLM, were capable of further differentiation to more closely resemble AM when placed in the lung environment. tion, we first examined the role of key cytokines that influence DC and macrophage development on the phenotype of AM and PLM. For example, development of DC is critically dependent on exposure to GM-CSF, whereas development of macrophages is heavily influenced by exposure to CSF-1 (12) . We found significant concentrations of GM-CSF in BAL fluid from naïve mice, whereas GM-CSF could not be detected in peritoneal fluid (Fig. 6A) . This finding is consistent with the previously demonstrated ability of lung epithelial cells to produce large amounts of GM-CSF (36) . In contrast, we did not detect CSF-1 protein in peritoneal lavage or BAL fluid (data not shown).
Effects of depletion of CD11c
Next, we examined the effects of in vitro exposure to high concentrations GM-CSF or CSF-1 on the phenotype of cultured AM or PLM. Culture of PLM in GM-CSF failed to generate cells with a DC phenotype in vitro (data not shown). For example, the percentage of CD11c ϩ cells in PLM cultures remained very low (Ͻ2%), despite 1 wk of culture in 100 ng/ml GM-CSF. Moreover, culture of AM in GM-CSF or CSF-1 also failed to significantly alter their original phenotype (data not shown). These results indicated that mature AM and PLM in culture were relatively unresponsive to the cytokines GM-CSF and CSF-1. This finding suggested that perhaps factors in addition to GM-CSF in the lungs might be necessary to induce the characteristic AM phenotype.
Influence of surfactant proteins on in vitro differentiation of bone marrow cells. We next conducted in vitro experiments to determine whether surfactant proteins, which are expressed at high levels in the small airways and alveoli, might play a role in regulating the unique AM phenotype. We cultured bone marrow-adherent cells with recombinant SP-A or SP-D for 5 days and determined the phenotype of the cultured cells by flow cytometry. We found that culture of bone marrow-adherent cells in the presence of SP-D resulted in significant (P Ͻ 0.001) upregulation of CD11c expression. Culture in recombinant GM-CSF also triggered significant upregulation of CD11c expression, whereas exposure to LPS did not upregulate CD11c expression (Fig. 6B) . In contrast, culture with SP-A did not induce upregulation of CD11c expression by bone marrow cells. These findings suggest that SP-D may be a critical factor in regulating the unique phenotype of AM. cultured bone marrow cells. Therefore, we conducted studies with SP-D Ϫ/Ϫ and GM-CSF Ϫ/Ϫ mice to directly assess the role of these two factors in the development and differentiation of AM. First, we found that AM recovered from the lungs of SP-D Ϫ/Ϫ mice maintained a phenotype very similar to that of wild-type mice (Fig. 7A) . In addition, the phenotype of PLM from SP-D Ϫ/Ϫ mice (SP-D is known to be produced in the peritoneal cavity) was also normal (data not shown).
Analysis of AM from SP-D
However, the phenotype of AM from GM-CSF Ϫ/Ϫ mice was markedly altered compared with that of wild-type mice. The most striking difference was the nearly complete absence of CD11c expression by AM from GM-CSF Ϫ/Ϫ mice (Fig. 7B) , consistent with results that have been reported previously (1, 26, 33, 39, 41, 45) . The PLM of the GM-CSF Ϫ/Ϫ mice also showed a decrease in the number of CD11c ϩ cells, but the percentage of CD11b ϩ cells was not significantly different from that in wild-type mice. These results therefore suggest that locally produced GM-CSF in the airways played a critical role in generating the CD11c hi phenotype of AM in vivo. To test whether local airway GM-CSF expression was necessary for generation of the CD11c hi AM phenotype, we labeled bone marrow cells from GM-CSF Ϫ/Ϫ mice with CSFE and then transferred these cells into the airways of wild-type (GM-CSF ϩ/ϩ ) mice. In the bone marrow of GM-CSF Ϫ/Ϫ mice, 3.3% of the cells were CD11c ϩ at the time of initial transfer.
The labeled cells were then transferred into the airways of wild-type mice, and the airway cells were recovered and examined 7 days later (Fig. 8) . We found that virtually 100% of the transferred CSFE ϩ cells from GM-CSF Ϫ/Ϫ mice had become CD11c ϩ and ϳ20% of the transferred cells also upregulated CD11b expression. These results provide strong evidence that, in vivo, GM-CSF expression by the airways was sufficient and necessary for generation of the CD11c hi AM phenotype.
DISCUSSION
The findings reported here indicate that the microenvironment of the lungs exerts a critical influence on the development of certain unique features of AM. The different environments of the lung and the peritoneal cavity appeared to play a major role in directing the differentiation of two populations of macrophages with very different phenotypic and functional properties. Clearly, AM and typical DC share a number of key phenotypic determinants (Fig. 1, Table 1 ) (20, 22, 33, 51) . The unusual phenotype of AM is not restricted to AM from mice. For example, we have also observed that normal human AM express high levels of CD11c, as do AM recovered from dogs (unpublished data).
Functionally, the AM in this report resembled classical DC in their ability to present antigens (Fig. 2) . For example, AM that were cultured for 24 -48 h presented antigens much more effectively than PLM. The relative inability of freshly isolated AM to present antigens effectively may be explained in part by the effects of surfactant proteins, which have a number of important immunomodulatory properties (53) . Thus it is likely that, during in vitro culture, the surfactant proteins were metabolized by AM (14) . Previous studies demonstrated that SP-A suppressed the ability of bone marrow-derived DC to mature into effective antigen-presenting cells (9, 25) . Surfactant proteins are also known to tonically suppress the functions of macrophages within the lungs (17, 25) . For example, SP-D has also been shown to preferentially bind to immature, and not mature, DC (10) . Therefore, the relative inability of AM to present antigens within the airways of the lung is likely a consequence of their environment and not an inherent property of the cells themselves.
To what degree is the unusual AM phenotype a product of the local lung and airway environment? Results of adoptive transfer experiments (Figs. 4 and 5) suggest that the lung environment plays a critical role in promoting the development of macrophages with DC-like features. Bone marrow cells placed in the airways were able to upregulate CD11c expression. However, an alternative interpretation to the adoptive transfer experiments is that the increase in CD11c ϩ GFP ϩ double-positive cells observed in the airway after transfer of GFP ϩ cells could have been due to phagocytosis of the transferred cells by resident AM. We believe this explanation is unlikely, however, for the following reasons. 1) Cytological examination of airway lavage cells by immunofluorescence microscopy 1 wk after transfer did not reveal evidence of GFP ϩ cells within resident AM (data not shown). 2) In a recent publication, we did not observe recipient AM acquiring GFP ϩ staining after transfer of GFP ϩ thymocytes into wild-type mice (25). Thus we believe our results are most consistent with upregulation of CD11c expression directly by the transferred cells within the airways.
In vitro experiments with SP-D (Fig. 6) suggested that SP-D might play a role in upregulating CD11c expression by AM. However, in the SP-D Ϫ/Ϫ mice, we did not observe the expected decrease in CD11c expression. One explanation for the discordance between the in vivo and the in vitro results may be related to differences in the structure of the SP-D molecule. In vitro, multimerization of SP-D may occur; in vivo, however, SP-D is primarily found as a dodecamer (14) . Multimeric SP-D may, in turn, be more stimulatory for AM and, therefore, result in greater upregulation of CD11c expression than the native dodecameric form of SP-D. Alternatively, the failure to detect a decrease in CD11c expression by AM in SP-D Ϫ/Ϫ mice may reflect dominant effects of GM-CSF expression or, possibly, upregulation of GM-CSF production in SP-D Ϫ/Ϫ mice. In contrast, the peritoneal cavity, which had undetectable levels of GM-CSF expression, did not promote the development of AM-like macrophages, as was observed in the lungs. Instead, the peritoneal environment favored the development of more typical, CD11c-negative tissue macrophages. Finally, although AM from GM-CSF Ϫ/Ϫ mice failed to express CD11c ϩ cells in the airways, bone marrow cells derived from these mice were capable of upregulating CD11c expression after transfer into the high-GM-CSF environment of the airways of wild-type mice (Figs. 7 and  8 ). Thus we propose that AM, whether recruited from the bloodstream or generated by proliferation of endogenous progenitors, are stimulated by GM-CSF and other factors in the small airways to develop into macrophages with many DC-like features.
The fact that AM share many features with DC has important implications for understanding regulation of lung immunity and pulmonary disease pathogenesis, particularly with regard to antigen presentation. If AM possess the functional capabilities of DC, then it is apparent that the lung must tonically regulate and suppress antigen presentation by AM to avoid triggering harmful inflammatory responses in the lungs. For example, surfactant proteins are thought to play a key role in this process, as evidenced by the dual abilities of surfactant proteins to suppress and activate AM, which we recently described (17) . Moreover, it is also known that lymphocytes in the lungs of mice lacking SP-D are spontaneously activated (16) .
Thus the unusual phenotype of AM appears to represent a response to unique environmental signals provided by the lung and airways. These findings also raise additional questions. Do monocytes that enter the lung during inflammation or infection develop into typical AM, or do they develop, instead, into more classical DC? How quickly do newly emigrated cells in the lung develop the AM phenotype, and how do different disease states alter this phenotype? Can the unique features of macrophages in other body sites be used to predict the environmental influences to which they may be exposed? Finally, as has been noted recently, these findings also suggest that the distinction between macrophages and DC is not always clear, particularly in the lung (24) . 
